Abstract. MicroRNAs (miRNAs) are short non-coding RNAs, which negatively regulate gene expression. Post-transcriptional regulation by miRNAs is important for organism development. In addition, endothelial cells are key regulators of angiogenesis. By using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), migration and gelatin sponge-chorioallantoic membrane assays, it was demonstrated that when miR-137 was overexpressed, cell viability and migration decreased. In addition, it was observed that blocking endogenous miR-137 increased cell viability and migration. Bioinformatics analysis indicated that the 3'-untranslated region (3'UTR) of the ephrin type-A receptor 7 (EPHA7) has a putative binding site for miR-137. miR-137 is able to directly bind to the EPHA7 3'UTR and negatively regulate the expression of EPHA7. miR-137 is also able to decrease the growth and migration of human umbilical vein endothelial cells (HUVECs). The identification of the function of miR-137 and its target gene EPHA7 in HUVECs may provide novel insights into the mechanisms of angiogenesis.
Introduction
Angiogenesis is the process by which novel blood vessels form through the growth of existing blood vessels. It is a complex process involving the proliferation, sprouting and migration of endothelial cells, followed by pruning and remodeling of the vascular network (1) . The endothelium is the main regulator of angiogenesis and is highly responsive to factors in the extracellular environment. When the balance of this physiological process is disturbed, it may result in a variety of diseases, including cancer, thrombosis, diabetic retinopathy and inflammatory disorders.
MicroRNAs (miRNAs) are a class of conserved non-coding small RNAs, which mainly regulate gene expression post-transcriptionally by targeting the 3'-untranslated regions (3'UTRs) of mRNAs and participate in almost all cellular processes (2) . Recently, numerous studies have demonstrated that miRNAs are also important in regulating angiogenesis (3) (4) (5) . Firstly, it was demonstrated that the miRNA Dicer was important in angiogenesis. The results showed that knocking down Dicer led to the formation of severely compromised embryos and yolk sacs (6) . A further study demonstrated that miRNA participates in angiogenesis in succession. Through the detection of miRNA expression levels in human umbilical vein endothelial cells (HUVECs), it was revealed that miR-21, miR-126, miR-221/222, the let-7 family, the miR-17~92 cluster and the miRNA-23~24 cluster were highly expressed in endothelial cells (Ecs) (7) (8) (9) (10) (11) . Excluding the effects on the phenotype and angiogenesis of ECs, the abnormal expression of certain miRNAs also correlated with tumor angiogenesis, including the miR-17~92 cluster, miR-210, miR-221/222 and miR-296 (6, 7, 8, 9, (11) (12) (13) (14) .
The findings suggest that miRNA expression is required for angiogenesis. At present, although certain miRNAs that affect angiogenesis have been identified, the specific role of miRNAs in angiogenesis remains to be elucidated.
In the present study, it was demonstrated that overexpressing or inhibiting miR-137 was able to regulate the viability and migration of HUVECs by targeting the ephrin type-A receptor 7 (EPHA7). This finding may provide a greater understanding of the process of angiogenesis.
Materials and methods
Cell culture and transfection. HUVECs were isolated following Nature Protocols (15) . Cells were propagated and maintained in minimal essential medium (MEM)-α (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS) and antibiotics [1% penicillin (10,000 U/ml)/streptomycin (10 mg/ml) ( Vector construction. The miR-137 expression plasmid pcDNA3/pri-miR-137 was constructed. The DNA fragment carrying pre-miR-137 was amplified from genomic DNA by PCR using the following specific primers: miR-137-S, 5'-CG CGGATCCAGCAAGAGTTCTGGTGGC-3'; miR-137-AS, 5'-CCGGAATTCACACCCGAGGA AATGAAAAG-3'. The fragment was then cloned into pcDNA3 between BamHI and EcoRI restriction sites.
To construct the EPHA7 expression vector, the coding sequence of EPHA7 without the 3'UTR was obtained by PCR using the following primers: EPHA7, forward 5'-CGGG ATCCTACCCTAGAAGGAAGAGGTG-3' and reverse 5'-CGGAATTCAATTCTGGGGTAGTTCATG-3'. The 3'UTR of EPHA7 containing the miR-137 binding site was cloned into pcDNA3/enhanced green fluorescent protein (EGFP). Similarly, the fragment of the EPHA7 3'UTR mutant, which contained a triple point mutation in the miR-137 binding site, was also cloned into the pcDNA3/EGFP.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The MTT assay was used to determine relative cell viability. Cell viability was detected 48 h after transfection in 96-well plates. The absorbance at 570 nm was detected using an IQuant Universal Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).
Migration assay. In the transwell assays, HUVECs were transfected with pcDNA3/pri-miR-137, a control vector, miR-137-antisense oligonucleotide (ASO) or control ASO, respectively. Following 48 h, 4x10 4 cells suspended in serum-free medium were plated onto a gelatin-coated, 8.0-µm pore size polycarbonate membrane in 24-well plates (Corning Inc., Corning, NY, USA). The lower chamber contained MEM-α medium with 20% FBS and 20 ng/ml vascular endothelial growth factor (VEGF). Following 6 and 18 h, the migrated cells were fixed with a crystal violet stain and images were captured for counting.
In the scratch assay, once the cells reached 100% confluence and formed a monolayer, a 200-µl pipette tip was used to create a scratch on the cell monolayer. The plate was washed once with 2% phosphate-buffered saline and replaced with 2% FBS medium. Migration was quantified by measuring the cell recovery area.
Fluorescent reporter assays. pcDNA3/pri-miR-137, a control vector, miR-137-ASO and control ASO were transfected into HUVECs in 48-well plates, respectively and then with the reporter vector pcDNA3/EGFP-EPHA7-UTR or pcDNA3/EGFP-EPHA7-MUT the following day. The vector pDsRed2-N1 (Clontech Laboratories, Mountain View, CA, USA), expressing red fluorescent protein (RFP), was spiked in and used for normalization. Following 72 h, the cells were lysed with RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.2; 1% Triton X-100 and 0.1% SDS). The intensities of EGFP and RFP fluorescence were detected using a Fluorescence Spectrophotometer F-4500 (Hitachi, Tokyo, Japan).
Western blot analysis.
Proteins from transfected HUVECs were extracted 72 h post-transfection using RIPA buffer and protein expression was analyzed by western blot analysis. GAPDH served as a loading control. The proteins were electrotransferred onto supported nitrocellulose membranes (Amersham, Uppsala, Sweden) by a semi-dry transfer. The membranes were blocked in 5% skimmed milk in Tris-buffered saline with Tween 20 (TBS-T) containing 0.05% Tween 20 at room temperature for 2 h, and then incubated at room temperature for 2 h with antibodies diluted in 1% skimmed milk in TBS-T, followed by incubating with the appropriate horseradish peroxidase-linked secondary antibodies. The following antibodies were used: rabbit anti-EPHA7, rabbit anti-GAPDH and goat anti-rabbit (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
Gelatin sponge-chorioallantoic membrane (CAM) assay. The chick embryo CAM formed on day 4 of incubation by fusion of the chorion and the allantois. Since it mediates gas exchanges with the extraembryonic environment until hatching, it has a thick capillary network that forms a continuous surface in 
Statistical analysis.
All experiments were repeated a minimum of three times, statistical significance was determined using Student's t-test. In all figures, values are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-137 decreases the viability of HUVECs.
In order to determine the effects of miR-137 on angiogenesis, HUVECs were used as a model for in vitro study. Plasmids expressing the miR-137 precursor (pcDNA3/pri-miR-137) were constructed and the 2'-Ome miR-137 ASO was synthesized. The efficiency of either overexpression or suppression of miR-137 in HUVECs was validated by quantitative (q) PCR. qPCR results demonstrated that transfection with pcDNA3/pri-miR-137 resulted in a 60% increase in miR-137 levels in HUVECs, whereas miR-137 2'-Ome ASO resulted in a 70% reduction in miR-137 levels compared with the control group (Fig. 1A) . Transfection efficiency was >90%, as determined using the pDsRed2-N1 or Cy5-oligomer (data not shown). To explore the effects of human miR-137 on the viability of HUVECs, the MTT assay was used to determine whether miR-137 affects cell viability. As shown in Fig. 1B , when the level of miR-137 was overexpressed, the viability of HUVECs decreased ~40%, whereas when miR-137 was blocked, the cell viability was increased ~30% compared with the control.
miR-137 suppresses the migration of HUVECs.
A transwell assay and scratch assay were used to determine the effects of miR-137 on cell migration (Fig. 2) . HUVECs were transfected with pcDNA3/pri-miR-137, a control vector, miR-137-ASO or control ASO. HUVECs were allowed to migrate through gelatin-coated filters 48 h post-transfection in response to 20% FBS and 20 ng/ml VEGF for 6 or 18 h. When transfected with pcDNA3/pri-miR-137, cells were significantly suppressed, while blocking miR-137 led to increased cell migration (Fig. 2D) . The same results were demonstrated in the scratch assay ( Fig. 2A and B) . The average recovery percentage of the wounded portion was measured and calculated. When miR-137 was overexpressed, the recovery of the cell area was less than that of the control and when miR-137 was knocked down, the recovery of the cell area was greater than that of the control. (Fig. 2C) . These findings indicated that miR-137 suppresses the migration of HUVECs.
EPHA7 is the target gene of miR-137.
In the novel miRNA pathway, miRNA produces a marked effect by negatively regulating its target gene. TargetScan was used to predict the B A target gene of miR-137 and it was discovered that EPHA7 has a putative miR-137 binding site in its 3'UTR (Fig. 3A) . To confirm whether EPHA7 was the direct target gene of miR-137 and was negatively regulated by it, a vector of the 3'UTR of EPHA7 was constructed and was cloned into the pcDNA3 vector downstream with an EGFP gene. The reporter vector or a pcDNA3/EGFP control vector was transfected into HUVECs. The intensity of EGFP fluorescence in reporter-vector-transfected cells was lower than that in the control group demonstrating that endogenous miRNAs are able to negatively regulate EGFP expression by targeting its 3'UTR (Fig. 3B ). HUVECs were then transfected with the reporter vector along with the miR-137 expression vector or ASO. The results demonstrated that ectopic expression of miR-137 was able to reduce the intensity of EGFP fluorescence and blocking miR-137 was able to enhance EGFP expression levels (Fig. 3C) . However, when the EPHA7 3'UTR of the miR-137 binding site has three base mutations, the intensity of EGFP fluorescence was not significantly changed by either overexpressing or blocking miR-137 (Fig. 3C) . These results suggested that EPHA7 was the direct target gene of miR-137. qPCR and western blot analysis were used to further confirm how miR-137 regulates EPHA7 gene expression. When miR-137 was overexpressed, compared with the control groups, the levels of EPHA7 mRNA (Fig. 4A) and protein (Fig. 4B) decreased by ~35%. Conversely, blocking miR-137 increased the mRNA (Fig. 4A) and protein (Fig. 4B ) levels of EPHA7 by ~45%. These results indicate that miR-137 is able to negatively regulate the expression of EPHA7 at a post-transcriptional level, which coincides with the results from the EGFP reporter assay.
miR-137 inhibits angiogenesis in vivo.
The gelatin sponge-chorioallantoic membrane assay was used in order to investigate the function of miR-137 in angiogenesis. pcDNA3/pri-miR-137, a control vector, miR-137-ASO or control ASO were transfected in the chick embryo chorioallantoic membrane model according to Nature Protocols (15) . Following 10 days, the number of vessels were observed and counted. It was demonstrated that when miR-137 was blocked, the vessels were more abundant than in the control (Fig. 5A) , whereas when miR-137 was overexpressed, the vessels were less abundant than i the control (Fig. 5B) . This result demonstrated that miR-137 is able to suppress angiogenesis in vivo.
Discussion
Increasing evidence has indicated that miRNAs may be important in physiological or pathological angiogenesis (3) . In the present study, the role of miR-137 in the angiogenic properties of HUVECs was demonstrated. Knockdown of miR-137 was able to significantly increase cell viability and migration, and ectopic expression of miR-137 was able to decrease cell viability and migration. From these results, it was shown that miR-137 is an important antiangiomiR in angiogenesis. Next, EPHA7 was identified to be the direct target gene of miR-137 that may participate in this process. EPHA7 belongs to the Eph/ephrin signaling pathway, which is essential for the patterning of multiple tissues and cell types, including vascular endothelial cell assembly, cell migration, mesenchymal cell condensation, vascular bed formation, tumor neovascularization and the closure of the external genitalia (16) (17) (18) (19) (20) (21) (22) (23) (24) . EPHA7 is highly conserved in vertebrates and is widely expressed in embryonic tissues, particularly in the developing central nervous system (25) . In the present study, it was demonstrated that EPHA7 was negatively regulated by miR-137, and that miR-137 by targeting EPHA7 regulated the migration and angiogenesis of Ecs. It has been demonstrated that miR-137 is able to act as a tumor suppressor in uveal melanoma cell proliferation through the downregulation of MITF and CDK6 (26) . Whether miR-137 is able to suppress tumor angiogenesis and thus inhibit tumor growth by targeting EPHA7 remains uncertain and requires further investigation.
In conclusion, the results of the present study indicated that miR-137 targets EPHA7 and regulates the behavior of ECs in vitro and in vivo, including cell viability, migration and angiogenesis. The identification of the antiangiomiR miR-137 and its target gene EPHA7 in HUVECs may aid our understanding of the molecular mechanisms underlying angiogenesis.
